The creep of paper is accelerated by moisture cycling, an effect known as mechano-sorptive creep. It has also been observed that the mechano-sorptive effects are larger in compression than in tension. In this paper a simplified network model for mechano-sorptive creep is presented. It is assumed that the anisotropic hygroexpansion of the fibres leads to large stresses at the fibre-fibre bonds when the moisture content changes. The resulting stress state will accelerate creep if the fibre material obeys constitutive laws that are non-linear in stress. Geometrical fibre effects are included in the model in order to capture experimental observations of the differences between paper loaded in tension and compression. Theoretical predictions based on the developed model are compared to experimental results for paper both under tensile and compressive loading at varying moisture content. The important features in the experiments are captured by the model, i.e. the creep is accelerated by the moisture cycling and the mechano-sorptive effects are larger in compression than in tension.
Introduction
Packages of paper often have to withstand loads for long times, and therefore is creep, i.e. time dependent deformation, an important factor in package design. The creep is affected by humidity conditions. High humidity, and therefore high moisture content in the paper, means faster creep compared to low humidity (Brezinski, 1956; Söremark et al., 1993; Haslach, 1994) . Moreover, creep is accelerated by varying humidity, so that the creep during cycling between low and high humidity is likely to exceed the creep at constant humidity even at the highest level, a phenomenon known as mechano-sorptive creep or accelerated creep (Byrd, 1972a,b; Haslach, 1994; Habeger and Coffin, 2000) . This makes it difficult to predict deformation and life-time of packages stored under varying humidity conditions. 0020-7683/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.ijsolstr.2007 • The modulus of elasticity of paper is altered by mechano-sorptive creep, it decreases under mechano-sorptive creep in compression and it increases in tension.
• The moisture expansion coefficient is lower and the modulus of elasticity is higher for a paper that has been subjected to constrained drying compared to a paper that has been subjected to free drying.
In Fig. 1 mechano-sorptive creep is shown from experiments on kraft paper produced at STFI-Packforsk which was dried under restraint and has a grammage of 100 g/m 2 and a thickness of 0.121 mm, in both tensile and compressive loading. It can be observed that the paper creeps faster in compression, which leads to more deformation at a given time and stress level.
The differences between tensile and compressive behaviour are probably an effect of the geometrical fibre properties, e.g. fibre curl and kinks. As pointed out earlier in this section, the moisture expansion in the transverse direction of a fibre is much larger than that in the longitudinal direction. If an initially curved fibre is considered, an increase in moisture content will then decrease the curvature, this will also be the effect if a tensile load is applied, while the curvature will increase with increasing compressive load. This has a consequence that the stiffness will decrease with increased compressive loading, and vice versa, since the fibre compliance increase with the curvature. The effects of fibre geometry such as curvature has so far been neglected in the network modelling of mechano-sorptive creep, but in order to develop a model that accurately can capture mechano-sorptive creep both under tension and compression, and the differences between these two load cases, geometrical effects must be considered. Such a model should also be able to capture the mechano-sorptive behaviour in bending, since bending induces compression and tensile strains in the paper .
In the present work, a simplified network model is used to study mechano-sorptive creep in paper. Geometrical fibre effects are included to capture experimental observations for paper loaded in both tension and compression. The micromechanical model is presented in Section 2. A single kinked fibre is first considered. The fibre model is then used to develop a fibre-network model. Thereafter, the numerical evaluation of the network model is discussed. In Section 3, the experimental work is described. In order to apply the model a number of material parameters has to be determined, which is done in Section 4. In Section 5, theoretical predictions based on the developed model are compared to experimental results for paper both under tensile and compressive loading at varying moisture content. Finally, in Section 6 conclusions are drawn.
Micromechanical model

The fibre model
In the present paragraph a model for the constitutive relationship between the force and displacement that act between the ends of a free fibre segment will be derived. Instead of forces and displacements, correspond- ing stresses and strains will be considered. The so derived model will in subsequent paragraphs be applied in a fibre network model.
In order to develop a micromechanical model that accurately can capture the mechano-sorptive behaviour, both in tension and compression, the effects of fibre geometry such as curvature and kinks must be considered. As an approximation, the free fibre segments between fibre-fibre bonds are modelled as two straight bars that form an angle h. Bending deformations in the bars and in the kink are approximately captured by a non-linear torsional spring, as shown in Fig. 2 . It is assumed that all bending deformation is collected in the kink. Hence, in the subsequent analysis the bending deformation in the bars will be neglected.
In the following analysis it will be assumed that the kink angle h is moderate in the sense that terms of order h 2 will be of the same order as normal strains in the bars e ( 1. This type of approximation is analogous to models for bending of axially loaded beams or models for bending of membrane loaded plates (von Karman theory).
The equilibrium equation for a bar is given by
where r is the normal stress in the bar, A is the cross section area, l is the length, M is the moment by the spring and h is the kink angle, see Fig. 3 . The axial displacement u consists of two parts, the elongation of the bars, u 1 , and the displacement u 2 caused by changes in the kink angle h. This can also be expressed in terms of strains
It is assumed that the normal strain of the bars, e 1 , can be divided into three parts,
where e e is the elastic strain, e b is the hygroexpansive strain and e c is the creep strain. As a consequence of this assumption it is supposed that the superposition of hygroexpansion and creep strain is valid on the fibre level. The elastic and hygroexpansive strains are assumed to be linear functions of stresses and moisture content, respectively,
and where E L is the modulus of elasticity in the axial direction of the fibre, b L is the hygroexpansion coefficient along the fibre and Dm is the moisture content change relative a reference level. The creep strain is given by a creep law. Unfortunately, generally accepted creep laws are available neither for paper nor for pulp fibres.
Here the following creep law is used
where a, b and E c are material parameters. This model is based on Eyring's molecular model (Halsey et al., 1945; Holland et al., 1946; Sedlachek, 1995) which represents the rheological behaviour of fibres by applying the kinetic theory of rate processes to the relative movement of flow units in the fibre. The Eyring model can be represented by a combination of two Hookean springs and a nonlinear dashpot element. The dashpot behaviour is represented by a hyperbolic sine law of viscous flow. Eyring proposed that the dashpot represents the flow of the cellulosic chain units. Based on this theory the material parameters a, b and E c have physical meanings. The parameter a has the dimensional unit s À1 and it contains the effects of the modulus of elasticity for the linear chain molecular and the molecular network, the temperature, the free energy of activation for the flow process, the volume of the flowing cellulose and the volume of the voids/empty spaces within the polymeric material/fibre. The parameter b has the dimensional unit Pa À1 and contains the effects of the modulus of elasticity for the linear chain molecular and the molecular network, the temperature and the volume of the voids/empty spaces within the polymeric material/fibre. The parameter E c has the dimensional unit Pa and contains the effects of the modulus of elasticity for the linear chain molecular and the molecular network. A decelerating creep rate is captured by this creep law, which will give a creep response resembling those of paper and fibres (Brezinski, 1956; Haslach, 1994; Sedlachek, 1995; Olsson and Salmén, 2001 ). Written in a slightly different form, this kind of creep law has been used to model creep of single fibres (Sedlachek, 1995) . One characteristic of this creep law is that the driving force for the creep, b(r À E c e c ), also will decrease as creep takes place, eventually leading to a linear behaviour. If b(r À E c e c ) becomes zero the creep will stop, i.e. there is an ultimate creep limit e c = r/E c . The creep rate of the model seems to decrease too fast compared to experimental data (Sedlachek, 1995) , although a long-term equilibrium behaviour is reasonable for polymeric materials (Haslach and Zeng, 1999) .
The strain caused by the curvature change, e 2 , can be derived from a geometrical consideration,
where h 0 is the initial kink angle. In the Taylor expansion of the cosine functions, terms up to second order are considered in accordance with the assumption of moderate kink angles as was discussed above. The kink angle h is assumed to consist of several parts, the initial angle h 0 , an elastic part h e , a hygroexpansive part h b and also a creep contribution h c , i.e.
The elastic angle change is assumed to be linearly dependent on the torsional spring moment M according to Figs. 2 and 3,
where k is a torsional spring constant. The torsional spring moment can be eliminated by use of Eq. (1),
In Appendix A1 the torsional spring constant is estimated from beam theory, see Eq. (A5),
where q k is a non-dimensional constant and I is the moment of inertia of the fibre cross section. The hygroexpansive angle change is assumed to be linearly dependent on the moisture content change
where b m is the hygroexpansion coefficient for the kink angle. In Appendix A2, b m is estimated from the hygroexpansion coefficients for the fibre, along and transverse to the fibre axis, see Eq. (A17),
As can be seen, the hygroexpansive angle change h b is assumed to depend on the initial angle, h 0 , and also on the creep angle, h c , through the hygroexpansion coefficient b m . As an approximation the hygroexpansion coefficient is assumed to depend only on the permanent deformations and not the elastic part, h e . The change in kink caused by creep in the spring is given by the creep law
where K 1 , K 2 and K 3 are material parameters. This is the same type of creep law as for the creep strain in the bars, compare with Eq. (6). If the moment in Eq. (14) is eliminated by use of Eq.
(1) the equation will read
In Appendix A3, the constants K 1 , K 2 , K 3 are estimated, see Eqs. (A26), (A27) and (A28), as
where a, b and E c are constants in the creep law for the strain in the bars given by Eq. (6), B is the width of the bars and H is the height, k 1 , k 2 , k 3 are non-dimensional constants. Here it has been assumed that the fibres have a rectangular cross section. The fibre model presented above defines a constitutive relationship between normal stress r and effective strain e of a kinked fibre according to Fig. 2 . If the normal stress r is known as a function of time, the resulting strain e(t) can be calculated and vice versa, provided that all material parameters are known. In the next paragraph a network of kinked fibre segments will be considered and the macroscopic paper properties will be derived by a homogenization procedure.
This fibre model captures some important features. The moisture expansion in the transverse direction of a fibre is much larger than that in the longitudinal direction. As is observed in Eqs. (12) and (13), an increase in moisture content will then have as an effect that the curvature of an initially curved fibre will decrease. Also, the curvature of an initially curved fibre will increase with increasing compressive load. Vice versa, the curvature will decrease for tensile loading.
The network model
The network model presented here is based on the work by Alfthan (2003) , but with a more advanced fibre model. Alfthan's network model resembles the network model by Cox from 1952, which was a first attempt to model the influence of fibres on sheet properties. Cox's model only considered elastic behaviour while Alfthan's model added creep, hygroexpansion and the influence of bonds.
In a fibre network each fibre is bonded to many other fibres. The free fibre segments between the fibre bonds are modelled using the fibre model described in Section 2.1, see Figs. 2 and 4. In the network model the fibres consist of free segments, section A, and bonded areas, section B, see Figs. 4 and 5. The length of the free fibre segment is denoted L f and the total length of the segment is denoted L, see Fig. 5 . There is also one more section that is of interest, this is the bonded area of the crossing fibres, section C, see Fig. 4 . The model does not include any effects of the finite length of fibres in real paper, i.e. the fibres are assumed to be long, well-bonded fibres. It is also assumed that each fibre-fibre bond only involves two fibres. In addition all fibres segments and fibres bonds are considered equal. In the model, the fibres carry a load in the longitudinal direction only, i.e. only axial stresses appear in the free fibre segments. In a real paper, the length of the free segments between the bonds may be small compared to the width of the fibres and other stress components than axial stresses may therefore arise. In the model it is also approximated that the stresses are uniform at the bonds and shear stresses are not taken into account. It is however believed that the main characteristics of mechano-sorptive creep will be captured by the considered simplified model.
From experiments done by Page and Tydeman (1962) on paper it has been found that there is no relative movement of the fibres at their crossings when the sheet is deformed, so both the bonded and the free segments deform, and the mean strain of a fibre segment is equal to the mean fibre strain. It is also found that the longitudinal strain of a fibre is the same as the strain of the sheet. When the fibre shrinks it is believed that much of the deformation in the free segments is caused by kinks. Another important mechanism is microcompressions in the fibre-fibre bonds, but this has not been included in the present model. It has also been found that the fibre-fibre bonds are sufficiently strong, so that the transverse deformation of a crossing fibre influences the fibre and its longitudinal deformation. DeMaio and Patterson (2006) have performed experiments on paper with different bond strengths between the fibres. The results showed that, as long as there is a sufficient bonding between the fibres, additional increase of the bonding strength does not influence constant humidity creep or mechano-sorptive creep. However, bonds are believed to be necessary for mechano-sorptive creep since individual fibres do not seem to exhibit an accelerated creep behaviour (Sedlachek, 1995) . Recently experiments by Olsson et al. (2007) have however indicated that mechano-sorptive creep behaviour also may be present in single wood fibres. All the above observations support the ideas and approximations in (2006) was that they agreed with the argument that the mechanisms behind constant creep and mechano-sorptive creep are the same, as is assumed in this work and also, for example, in the works by Habeger and Coffin (2000) and Alfthan et al. (2002 Alfthan et al. ( , 2003 Alfthan et al. ( , 2004 Alfthan et al. ( , 2005 . Although some other researchers, for example Gibson (1965) , Padanyi (1991 Padanyi ( , 1993 , Hoffeyer and Davidson (1989, 1993) , believed that there are different mechanisms behind the constant creep and mechano-sorptive creep.
It is assumed that the normal strain e of each fibre is determined from the macroscopic strains e 11 ; e 22 and e 12 , where 1 and 2 denotes the coordinate direction in the plane of the paper and the bar indicates a macroscopic quantity. The average strain of a fibre e, which also corresponds to the average strain in a fibre segment, is given by e ¼ e 11 cos 2 a þ e 22 sin 2 a þ 2 e 12 cos a sin a; ð19Þ
where a is the angle of the fibre with respect to the 1-axis, see Fig. 5 . If the strain of the free segments of a fibre is e A and the strain of the bonded length is e B , then the average strain of the fibre will be
Since a perfect bonding is assumed, the transverse strain of the crossing fibres, e C , will be the same as the strain of the bonded length, e B , i.e.
If the load carrying area of a crossing fibre is equal to the cross-sectional area of the fibre, the stress in the free segments of a fibre will be the sum of the stresses in the fibres at the bonds,
where r A and r B are the stresses in the axial direction of the fibre in the free segments and at the bonds, respectively, and r C is the transverse stress in the crossing fibre, as shown in Fig. 6 . The macroscopic specific stresses in the paper, r w 11 ; r w 22 and r w 12 , i.e. the stresses divided by the paper density, are equal to the volume average fibre stresses divided by paper density, r where q p is the paper density given by q p = V f q f , V f is the volume fraction of fibres, q f is the fibre density and f(a) is the frequency function for the fibre angle distribution. The frequency function must fulfil the condition
In the subsequent analysis it is assumed that the fibres are uniformly distributed in all directions, i.e. f(a) = 1/p, corresponding to an isotropic behaviour. The strain on the fibre level in sections B and C are assumed to be the sum of elastic, hygroexpansive and creep strains. To simplify, it is assumed that all fibre crossings are perpendicular. The elastic and hygroexpansive strains are assumed to be linear functions of stresses and moisture content, respectively. The strain in section B and C then becomes
where E L and E T are the moduli of elasticity along and transverse to the fibre, b L and b T are the hygroexpansion coefficients along and transverse to the fibre and Dm is the moisture content change relative a reference level. The strain in section A is given by the fibre model in Section 2.1, Eqs. (2)- (5) and (7),
The creep strains in the sections A, B and C, e 
where a L , b L and E c L are material parameters in the longitudinal direction of the fibre and a T , b T and E c T are material parameters transverse to the fibre. The creep strains are assumed to depend only on the stress in the same direction as the creep. This is an approximation, since the strain rate actually depend on the three-dimensional stress state, if that was used some effective stress had to be introduced. The kink angle h is given by Eqs. (8), (10)- (13),
where the kink angle change caused by creep in the spring, h c , is given by the creep law corresponding to Eq.
,
The material parameters K 1 , K 2 , K 3 are defined in Eqs. (16)- (18), but the constants a, b and E c are replaced by a L , b L and E c L , the material parameters along the fibre.
Numerical solution
The developed fibre network model implicitly defines a constitutive relation between specific stresses r w ij and strains e ij on the paper (network) level, where i and j takes the values 1 and 2 denoting coordinate directions in the plane of the paper. When the moisture is changed, the hygroexpansive strains at the bonds of the two crossing fibres will be different, i.e. in sections B and C, see Fig. 4 , as the hygroexpansion coefficients along and transverse fibres are different. However, since a perfect bonding is assumed, the strains are constrained according to Eq. (21) , and the mismatch in hygroexpansive strains must therefore be compensated by elastic strains and creep strains, according to Eqs. (27) and (28). Elastic strains are generated immediately, producing large stresses. These stresses are added to stresses produced by the external loads on the paper. This gives a stress state where the absolute value of the stresses are higher than before in some parts of the fibres, section B if the moisture is increased and the fibre is loaded in tension, and section C if the moisture is decreased or the fibre is loaded in compression. In the other section of the bonds the absolute value of the stresses are lower than before, i.e. section C if the moisture is increased and the fibre is loaded in tension and section B if the moisture is decreased or the fibre is loaded in compression. However, the mean stress in the fibre segment is practically unchanged, i.e. the stress in the free fibre segment, section A, is rather constant. As the creep laws, Eqs. (30)- (32), are non-linear in stress, i.e. an increase in stress leads to an increase in creep strain rate that is higher than proportional to the stress increase, the increase in creep rate in the bonded parts with high stresses is larger than the decrease in the bonded parts with low stresses. This will lead to an increased mean strain rate, i.e. an acceleration of creep. The stresses relax, even out, as creep takes place and gradually the creep decreases by the stress relaxation as a consequence of the non-linear creep law, thus cyclic moisture content is needed to maintain the accelerated creep over a long time. In order to evaluate the relation between specific stresses r w ij and strains e ij on the network (paper) level, all internal stress and strain variables must be eliminated. There is however not room here for a detailed explanation of the numerical process. Only the principal steps will be explained. Further details are found in Appendix A4.
It is not possible to solve the non-linear (differential) equations analytically, it is therefore necessary to discretise the problem and solve for a finite number of fibre angles. The fibre angle a is discretised according to
where N is a sufficiently large number. The paper is assumed to be isotropic, i.e. the fibre angle is uniformly distributed and all fibres are assumed to have the same properties, dimensions and initial kink angle h 0 . The variables that depend on the fibre angle a are discretised in the same way, i.e. e n ; e An ; e Bn ; e Cn ; e c An ; e c Bn ; e c Cn ; r An ; r Bn ; r Cn ; h n ; h c n . Furthermore, the macroscopic strains and stresses, e ij and r w ij , constitute six additional variables. The network is thereby described by 12N + 6 variables.
The previously derived equations define, for each angle a, algebraic and differential equations for the different variables. Integrals that appear in the model may be estimated from the corresponding discretised variables. A careful evaluation reveals that there are as many equations as unknowns if for example the stresses r w ij on the macroscopic level are prescribed. Since many of the equations are linear, this feature can be utilized in order to eliminate certain variables. Even though many equations are linear, not all are, for example the differential equations (30)-(32). The equations were therefore solved with iterative methods in MATLAB (2006) using standard routines for solving differential equations and non-linear equations. This is however a more technical question and it does not influence the results. Different combinations of loading, in terms of applied macroscopic stresses r w ij and changes in moisture content Dm as functions of time, can hence be evaluated. Of primary interest is usually the network strains e ij ðtÞ, but other internal variables like the kink angle h(t) follow from the analysis.
Experimental procedures
All experimental data used in this study were provided by STFI-Packforsk and all tests were performed on the same type of kraft paper produced at STFI-Packforsk, see description about the material and experiments below.
Material
The raw material for producing the paper material that was studied in this work was a flash-dried unbleached kraft pulp with a Kappa number of 35. The slushed pulp was refined to 21.1°SR (WRV 1.55). The paper was produced in the EuroFEX pilot paper machine at STFI-Packforsk, using a roll former headbox, a lip opening of 13 mm, a forming concentration of 8.2 g/l, a machine speed of 400 m/min, and a jet-wire speed difference of 20 m/min. Standard fabrics and felts were used. The wet pressing was performed in three nips; a first double-felted roll press nip with a line load of 60 kN/m followed by two single-felted shoe presses with line loads 900 kN/m and 1000 kN/m, respectively. A dryness of 44.6% was reached after the last press. The paper web was wound up after wet pressing and was dried off-line under in-plane biaxial constraint in STFI-Packforsk's one-cylinder dryer. The dried paper samples were relaxed by exposing them to a climate of 23°C and a cyclic relative humidity (RH) ranging between 50% and 90% before material testing was performed. Three cycles in relative humidity, each with a duration of seven hours, were used. The produced paper had a grammage of 100 g/m 2 and a structural thickness of 0.121 mm.
Hygroexpansivity testing
The hygroexpansivity tests were performed at STFI-Packforsk using a recently developed custom made apparatus that allows for measurement of the in-plane dimensions of paper tests specimens in a controlled climate environment. The apparatus is equipped with an anti-buckling device, which makes it possible to measure hygroexpansivity without applying in-plane loading. The test specimens were 15 mm wide and a clamping length of 100 mm was used. A test piece was placed on a horizontal test table with hydrophobic surface and was clamped between two grips. One of the grips was rigidly mounted on the test table, while the other grip was mounted on a smooth-running sled. The moisture-induced changes in length of the test piece were measured by recording the movement of the sled. Measurements for up to 30 specimens may be performed simultaneously. The in-plane dimensions of the test specimens were measured at 23°C and at four different ambient relative humidities in the range from 50% RH to 90% RH. The measurements were performed in both the MD and CD after that the tests specimens had reached moisture equilibrium, although in this study only the results in MD are used.
Tensile testing
The tensile testing of the studied paper material was performed at STFI-Packforsk in a climate room using a L&W Tensile Tester. The tensile testing was performed in both the machine direction (MD) and crossmachine direction (CD) following ISO 1924-3, although in this study only the results in MD are used. Furthermore, the testing was performed for conditioned paper specimens in 23°C and 50% RH as well as in 23°C and 90% RH. The test pieces used were 15 mm wide and the clamping length was 100 mm. A constant strain rate of 1.67%/s was used.
Compressive testing
The compressive testing was performed at STFI-Packforsk in a climate room using a custom made material testing equipment that is designed to prohibit out-of-plane buckling of thin sheet structures during in-plane loading in compression. The equipment utilises a series of opposing columns that provide lateral support of the test specimen without introducing in-plane loading. This equipment is further described by Panek et al. (2004) . The width of the test pieces was 25 mm and the clamping length was 55 mm. The applied load was recorded by a load cell and the deformation of the test piece was measured using two LVDT's, each one connected to a surface-contacting needle that monitored displacement of the test specimen. A target strain rate of 0.2%/s was applied manually using a lever and a soft spring until ultimate failure was detected. The compressive testing was performed for conditioned paper specimens in 23°C and 50% RH as well as in 23°C and 90% RH and in both the MD and CD, although in this study only the results in MD are used.
Creep testing
The creep tests were performed in both the MD and CD under tension as well as under compression using the same equipment and test geometry as in the compressive testing. However, in this study only the results in MD are used. The tests were further performed for conditioned paper specimens in 23°C and 50% RH as well as in 23°C and 90% RH. The loading was applied by the use of a lever and a dead-weight. Creep testing under various different constant load levels was performed.
Mechano-sorptive creep testing
The mechano-sorptive creep tests were performed in the MD under tension as well as under compression using the same equipment, test geometry, and method for load application as in the creep testing. The loading was applied to the test piece at 50% RH. The test piece was then subjected to three 7 hour cycles between 50% RH and 90% RH. The RH-cycle was designed so that the climate was kept constant for approximately three hours at each of the limiting relative humidities (50% and 90% RH), while the climate was ramped as rapid as possible in between these limiting relative humidities. Mechano-sorptive creep testing under various different constant load levels was performed.
Material parameters
The number of parameters that have been introduced is quite large. They were estimated from experiments, literature or they were calculated, and are listed in Table 1 . The parameters generally depend on the moisture content, but in order to illustrate the main features of the model some simplifying assumptions have been made, among other things, the parameters are assumed to be moisture independent. It is also assumed that the anisotropy, i.e. the difference in material parameters along and transverse to the fibre, can be described by a single constant g > 0, such that
This constant is assumed to be the same for creep parameters as it is for elastic parameters, as can be found in the literature (Schulgasser and Page, 1988; Bergander and Salmén, 2002; Salmén, 2004; Neagu, 2006) . It is assumed that the fibres in the paper are made of softwood, the length, L tot , and width, B, of the fibres are chosen according to that (Niskanen, 1998) . The number of fibre bonds can be approximated as (Komori and Makishima, 1977) 
where
for a general three-dimensional problem. Here a rectangular cross section has been assumed instead of the circular cross section that was used in the reference article. It is assumed that the fibre of interest has orientation (/, n), where / is the angle between the z-axis and the axis of a fibre and n is the angle between the xaxis and the normal projection of the fibre axis onto the xy-plane. The function X(/ 0 , n 0 ) is a frequency function for the fibre angle distribution that shall satisfy
and v is the angle between the fibre given by the direction (/, n) and a fibre given by the direction (/ 0 , n 0 ). When all fibres are uniformly distributed in the xy-plane, / = p/2, n = a, X(/ 0 , n 0 ) = f(a)/2, f(a) = 1/p and sinv = jsin(a À a 0 )j. This inserted into Eq. (38) gives
If this value of J is inserted in Eq. (37), the number of fibre bonds can be approximated as,
and the number of fibre segments can be approximated as n À 1. The fibre segment length L can then be estimated from the total fibre length L tot . Experimental experience from an automatic measuring method based on image analysis called STFI FiberMaster (Karlsson and Fransson, 1994 ) at STFI-Packforsk shows that there is in average one kink (or angular fold) per fibre in a paper. The observed average kink angle is about 50°. The average kink angle has also been approximated from an article by Mohlin et al. (1996) where, if the number of kinks and/or angular folds is known the number of twists (torsional deformation) can be approximated. If the sum of all three fibre deformations is known the shape factor can be approximated from the article. The shape factor is the ratio between (Byrd, 1972a; Gellerstedt, 2004) the length of the diagonal in the circumscribed rectangle and the length of the fibre. The shape factor is sensitive to the number of deformations that change the direction of the fibre axis, and the dependence has been experimentally determined in the article. If the sum of kinks and angular folds is in average one, the sum of deformations is approximately 1.5, which gives a shape factor that is approximately 89%. From the shape factor the kink angle can be approximated to be about 60°. In the network model it is assumed that all free fibre segments have a kink, not only one kink per fibre. A suitable kink angle per free fibre segment h 0 has to be found that gives a similar response as a fibre with only one large kink. The fibre model described in Section 2.1 was applied. Only elastic deformation was considered. The number of fibre segments is estimated by use of Eq. (41). The stress-strain curve for a fibre with one fibre segment with a large kink, here 55°was used, and the other fibre segments were straight, was compared to the stress-strain curve for a fibre where all free fibre segments had the same small kink angle h 0 . The kink angle in the last model, h 0 , was changed until a good agreement between the two curves was found, special consideration to the agreement for small loads was taken. The kink angle found in this way was then used in the network model as h 0 .
The fibre network model that was derived in the paragraphs above implicitly defines a constitutive relation between specific stresses r w ij and strains e ij on the paper level. These equations were solved in MATLAB (2006) using standard routines for solving differential equations and non-linear equations. The values of the parameters in the model were estimated from experiments, literature or they were calculated, see Table 1 .
, were fitted to experimental data. All experimental data used were provided by STFI-Packforsk and all tests were performed on the same type of kraft paper produced at STFI-Packforsk, see Section 3. Although the model is isotropic on paper level while the real paper is anisotropic, it can still be used for qualitative comparisons. In the mechano-sorptive creep experiments the relative humidity was varied between 50% and 92%. This corresponds approximately to moisture contents of 7% at 50% RH and 15% at 92% RH, respectively (Byrd, 1972; Gellerstedt, 2004) . The macroscopic specific stress prescribed along the 1-axis is set to r w 11 ¼ r w , where r w is the value used in the experiment of current interest. When the stress and the moisture history are set the strains are calculated. A principal sketch of mechanosorptive creep in both tension and compression is shown in Fig. 7 .
The modulus of elasticity along the fibre, E L , affects the elastic behaviour of the paper, and it controls the strain at point a in Fig. 7 . Because the moisture dependence of E L is ignored, the value of E L used in the model is the mean value between the value at 50% RH and 90% RH. To find a suitable value of E L , the model, but only with elastic terms, i.e. no moisture variations or creep, was fitted to data in the region of 0-15 kNm/kg from the stress-strain curves, see Fig. 8 .
The constant q k in the equation for the elastic torsional spring constant affects the elastic response of the kink angle, i.e. it influences mostly the elastic behaviour of the paper under compression, and can approximately be seen as the difference between the strain at point b and point a in Fig. 7 . To estimate q k , data in Fig. 7 . A principal sketch of mechano-sorptive creep in both tension and compression. the region of negative stress level down to À15 kNm/kg from the stress-strain curves was used, see Fig. 8 . Only elastic terms in the model were used, i.e. no moisture variations or creep. After a suitable value of q k was found, the fit was inspected for positive stress values in the stress-strain curve, see Fig. 8 , so that no large changes had appeared in elastic tensile behaviour.
The hygroexpansion coefficient along the fibre, b L , affects the response of the paper when the moisture content is changed, and can be seen as the strain change in area c and d in Fig. 7 . To find a suitable value of b L , the model, but only with hygroexpansive strains, i.e. no applied load, was fitted to the hygroexpansion data, shown in Fig. 9 . The moisture content was estimated from the relative humidity using the relationship given above.
After the constants that affect the elastic and hygroexpansive behaviour of the creep curve have been estimated, the constants in the creep law along the fibre, a L ; b L ; E c L , can be approximated. These constants affect the creep properties of the paper and can be viewed as the change in strain in area e in Fig. 7, i. e. when the moisture content is constant. The model, with constant moisture content, was fitted to the creep curves at different tensile loads and relative humidities of 50% RH and 90% RH, see Fig. 10 . The experimental curves used were those with approximately the same load at both relative humidity levels, i.e. the curves with stresses 3.6, 5.5/5.3 kNm/kg, which also are stress levels used in the mechano-sorptive creep tests. The parameter E c L affects the creep curve from the beginning of the curve, i.e. the elastic response, but a change can be noted throughout the entire curve. If E c L is increased the creep decreases. The parameters a L and b L on the other hand do not affect the elastic behaviour noticeably, but the following creep behaviour. If these parameters are increased the creep is increased. A small change in b L affects the curve more than a change in a L and b L affects the curve mostly at small times, while a L affects the creep curve for mostly for larger times. It should be noted that the time scale used in the regular creep tests ($0-300 s) are unfortunately not the same as the one used for mechano-sorptive creep tests ($0-70 000 s), which makes the fitting much more difficult.
The constants k 1 , k 2 , k 3 , that appear in the creep law for the spring, affect the creep response of the kink angle, i.e. they influence mostly the creep behaviour of the paper under compression, and can approximately be seen as the difference between the changes in strain in areas e and f, as shown in Fig. 7 . The model was fitted to the creep curves at different compressive loads and relative humidities of 50% RH and 90% RH, see Fig. 11 . More specifically, the experimental curves used were those with approximately the same load at both relative humidity levels, i.e. the curves with the specific stresses À2.6, À4.7 kNm/kg at 50% RH and the specific stresses À2.4, À4.4 kNm/kg at 90% RH were considered. These stress levels are at the same order as those that were applied in the mechano-sorptive creep tests. Again it should be noted that the time scale used in the regular creep tests are not the same as the one used for mechano-sorptive creep tests. After suitable values of k 1 , k 2 , k 3 were found, the model was inspected against the creep curves at different tensile loads, shown in Fig. 10 , so that no large changes have appeared in tensile creep behaviour. Fig. 8 . Stress-strain curve composed of data from fast tension and compression tests at 50 and 90% RH, i.e. the paper should behave elastically. The curves are a mean value from approximately ten tests in tension and ten tests in compression for each relative humidity. Fig. 9 . Hygroexpansive strains vs. relative moisture content changes. The stars represent experimentally determined strains, were each star is a mean value from around ten test specimens. The relative humidity was varied between 50% and 84%. The line is the fit with the model. 
Results and discussion
In Fig. 12 , experimental mechano-sorptive creep curves under both tensile and compressive loading are presented. It can be observed that the paper creeps much faster in compression, which leads to more deformation at a given time and stress level. Mechano-sorptive creep curves determined from the present model are shown in Fig. 13 . It can be seen that the model can capture mechano-sorptive creep both under tension and compression, as well as the differences between these two load cases, but the difference is not as pronounced as the experimental curves show. In Fig. 12(a) it is shown how the relative humidity was varied during the experiments, and in Fig. 13(a) it can be seen how the moisture content was varied in the model. If the moisture curve is changed, for example if the ramp time is increased or if the moisture is varied sinusoidally it does not affect the results from the model. The shape of the mechano-sorptive curve follows the shape of the moisture curve, but the strain after each cycle is the same. Gunderson and Tobey (1990) carried out creep tests in cyclic relative humidity on paperboard in tension and compared different cyclic humidity conditions, the ramp time and hold time was varied so that the moisture curve was changed between sine shaped to steep step shaped. They presented similar experimental results where the deformation after a given number of cycles was almost the same, independent of the ramp time and hold time. However, in their creep tests moisture equilibrium cannot be assured for all moisture curves.
In Fig. 14 , the mechano-sorptive creep curves from experiments (a) and the model (b) are compared for a specific stress level, both under tensile loading and compressive loading. Because the experiments under tension were not performed at the same stress levels as under compression, interpolation has been used between two curves (3.2 kNm/kg and 5.6 kNm/kg) to receive the curve in tension. This gives an approx- Fig. 12 . Experimental mechano-sorptive creep curves where the relative humidity was varied as shown in (a). Tests were performed both with tensile (b) and compressive specific stresses applied (c). imate curve that is useful for comparison, although the strain is not linearly dependent on the stress. The predicted hygroexpansion is larger than the experimental one, both in tension and in compression. The predicted creep in compression is however smaller, which explains the smaller difference between tension and compression resulting from the model. It should be noted that the moisture change used here is positive, which makes it harder to see that the mechano-sorptive effect is larger in compression. The experimental creep curves show smoother transitions between small and large moisture contents compared to the predicted creep curves. This can be explained by the applied moisture content profile in Fig. 13(a) . In the experiments it can be assumed that the moisture content slowly changes until it reaches the equilibrium level.
By the shape of the curves it can also be seen that the applied creep law is not perfect. The creep rate defined by the creep law has a tendency to decrease too fast. Another creep law, especially for the torsional spring, could also affect the difference in mechano-sorptive creep with tensile and compressive loading. Unfortunately the relative humidity was only cycled three times during the mechano-sorptive creep experiments, with more cycles the long time creep behaviour would be more prominent and it would be easier to compare the results from the model to the experimental results. It should be kept in mind that the material parameters used in the model were assumed to be constant, while they actually should be moisture dependent. In the plots from the experiments differences can be seen for low and high mois- ture content, for example that the creep rate is higher for the high moisture level, which is not captured by the model.
In Fig. 15 , predicted mechano-sorptive creep curves are compared to curves where simply the contribution from a pure hygroexpansion test and a regular creep test has been added. Curve a is a hygroexpansion curve, curves b and c are creep curves in tension and compression, curves d and e are these contributions added, i.e. a + b and a + c, which should be compared to the mechano-sorptive creep curves f and g. It can be concluded that the strain caused by mechano-sorptive creep is larger than the strain from the contributing parts, i.e. the strain from a test with only moisture expansion is added to the strain from a test with only load applied. Hence, it is evident that accelerated creep is obtained by the model. This can also be seen if the regular creep curves (b and c) are compared to the mechano-sorptive creep curves (f and g) at the reference moisture content level. Only a very small divergence can be seen if the difference between curves d and f are compared to the difference between curves e and g, which has to do with the difference in hygroexpanision if a tensile or a compressive load is applied, an effect of the moisture dependence in the spring. Hence, the larger mechano-sorptive creep in compression is an effect of the extra hygroexpansion, elastic deformation and creep in compression compared to tension, that depends on the fibre model. The additional elastic deformation and creep deformation can be observed in the regular creep curve.
If the fibres in the model were modelled as straight, the paper properties would be the same in compression and tension. In Fig. 16 , mechano-sorptive creep in tension and compression is showed for a specific stress level (5 kNm/kg), both with kinked fibres and with straight fibres. It can be seen that the kinks affect the deformation under tension, but much more under compression, which leads to a more compliant behaviour in compression. If the difference in strain between points A and B is compared to the difference in strain between point D and E it can be seen that the paper creep is larger in compression than in tension. If instead the difference in strain between points B and C is compared to the difference in strain between point E and F it can be seen that the hygroexpanison is larger in compression than in tension. Unfortunately the elastic strain can not be compared since the moisture content is changed directly, but the model produces larger elastic strain in compression compared to tension.
From mechano-sorptive creep curves at different stress levels, isocyclic stress-strain curves can be plotted, see Fig. 17 . Hence the strain after a certain number of moisture cycles (here three) is registered as a function of stress. There is a good agreement between experimental data and the isocyclic curve from the model. Both experiments and theory show a more compliant behaviour in compression compared to tension. Fig. 15 . Comparison between the mechano-sorptive creep curve (curves f and g) and the curve if the contribution from a hygroexpansion test (curve a) and a regular creep test (curves b and c) are added (curves d and e). The specific stress used is 5 kNm/kg.
Conclusions
In this paper a simplified network model for mechano-sorptive creep has been developed. It is assumed that the anisotropic hygroexpansion of the fibres produces large stresses at the fibre-fibre bonds when moisture changes. The resulting stress state will accelerate creep if the material obeys laws that are non-linear in stress. During creep the stresses created at the bonds relax, and the moisture content has to change again to maintain the accelerated creep. Geometrical fibre effects, such as kinks, are included in order to capture experimental observations of the differences between paper loaded in tension and compression. Material parameters in the micromechanical model are estimated from experimental results, such as stress-strain curves, hygroexpansion curves and regular creep curves. Theoretical predictions based on the developed model are compared to experimental mechano-sorptive creep curves for paper both under tensile and compressive loading at varying moisture content. There are some differences in the curves from experiments and the model, but the important features are captured. This shows that accelerated creep is obtained by the model without adding extra mechanisms. There could be some differences, in for example the bonds, during accelerated creep compared to con- stant creep that is not included in this model. Such differences could possibly cause extra acceleration of the creep, but is not necessary to obtain accelerated creep. The model could however be improved by further examination and better modelling of the fibre bonds and also by introducing effects of microcompressions. The creep predicted by the model is accelerated by the moisture cycling and the important difference between mechano-sorptive creep in the two load cases is captured, i.e. the mechano-sorptive effects are larger in compression than in tension. This is a strong indication that fibre kinks and curl are the main reason for the differences in tension and compression. The model could be improved by changing the creep law, but unfortunately no better creep law for fibres are available at the moment. The creep law used may have improved performance and/or physical meaning if the creep constants could be determined using the physical mechanisms behind the model as described by Eyring, instead of curve fitting. The model could also be improved by introducing anisotropy and moisture dependent material parameters.
i.e. a reasonable estimation of the torsional spring constant is
where q k is a non-dimensional constant.
A.2. Estimation of hygroexpansion coefficient for the kink angle b m
The hygroexpansion coefficient for the kink angle can be estimated from the hygroexpansion coefficients for the fibre, along and transverse to the fibre axis. When the moisture content in the fibre changes Dm, the fibre strain along and transverse to the fibre axis is given by
where b L and b T are the hygroexpansion coefficients for the fibre, along and transverse to the fibre axis, respectively, and b T > b L . To simplify the following analysis, the hygroexpansion can be divided into two steps:
which fulfil the requirement given by Eqs. (A6) and (A7),
The first step, where the strain along and transverse to the fibre is equal, defines a pure volume change that does not cause changes in kink angle. In the second step, where the fibre expansion only occurs in the transverse direction, the change in kink angle can be determined from a geometrical consideration. Before the moisture change, the fibre is assumed to have an initial curvature, i.e. a kink angle u 1 as shown in Fig. A3(b) , composed of the initial angle u 0 and the creep angle u c , Fig. A2 . The torsional spring in the fibre model (a) is defined so that the change in angle Du is the same as that for bending of corresponding kinked beams (b).
The kink angle after moisture change is denoted as u 2 , and the change in kink angle Du, see Fig. A3(b) ,
If the second step is considered, the fibre will expand in the transverse direction only if the moisture is increased. If the fibre is curved, or have a kink, the fibre can not just expand in the transverse direction because of geometrical reasons. As shown in Fig. A3(a) half the fibre has expanded in that way and it can be seen that the compatibility is not satisfied. Instead the fibre has to straighten up, as shown in Fig. A3(b) , i.e. u 2 < u 1 and the change Du < 0.
To determine the change in the kink angle, Du, caused by the expansion in the transverse direction, De 2 T , an enlargement of Fig. A3(a) is analysed, as shown in Fig. A4 , i.e. half the fibre is considered and the geometrical effect of the other half is disregarded. The deformations shown in Figs. A3 and A4 are exaggerated. If small deformations are assumed the change is approximately
The kink angle, h, is twice the angle u. If Eq. (A9) is used the change in kink angle, Dh, can be expressed as
where the angle h 1 is the sum of the initial angle h 0 and the creep angle h c , cf. Eq. (A12). The hygroexpansion coefficient for the kink angle b m is defined as Fig. A3 . The fibre expansion if the moisture content is increased. In (a) the expansion of half the fibre is shown if the geometrical effect of the other half is disregarded. In (b) the corrected deformed geometry is considered, when the other half has been taken into consideration. The initial state is drawn with dashed lines and the deformed state with solid lines.
Eqs. (A15) and (A16) gives an estimation of the hygroexpansion coefficient for the kink angle
Since b T > b L the hygroexpansion coefficient for the kink angle b m becomes negative, which is reasonable since an increase in moisture should straighten out the fibre, i.e. give a negative change in kink angle, Dh < 0.
A.3. Estimation of the material parameters in the creep law for the spring, K 1 , K 2 , K 3
Here it is assumed that the deformation in the fibres is caused by creep only, i.e. the kink angle h, see Fig. A1 , consist partly of the initial angle h 0 , and partly of the creep angle h c ,
The elastic and hygroexpansive deformations are neglected. It is assumed that the angle change caused by creep in the spring is given by the creep law
where M is the torsional spring moment and K 1 , K 2 , K 3 are material parameters that should be estimated. To estimate the material parameters the fibre model shown in Fig. A1 is approximated with beams, in the same way as in Appendix A1, see Figs. A2 and A5. The beams are bent and the creep in the beams is assumed to be given by the same law as the creep in the bars, i.e. where r is the stress in the fibre, a, b and E c are considered to be known material constant. This creep also gives a change in the curvature. Below, an order-of-magnitude estimation will be presented. From beam bending theory, the strain is given by
The variables that depend on the fibre angle a are also expressed in vector notation, for example the average strain of the fibres can be expressed as e ¼ e 1 e 2 Á Á Á e N ½ T :
In the same way can the strains and stresses in the different fibre sections, e A ; e B ; e C ; e c A ; e c B ; e c C ; r A ; r B ; r C , be expressed in vector notation, i.e. as N · 1 vectors. The kink angle h, the kink angle change caused by creep h c and the initial kink angle h 0 are also expressed as N · 1 vectors. Here the initial kink angle, h 0 , is considered to be known and is also assumed to be the same for all fibres and all fibre segments, i.e.
where E is a N · 1 vector with ones, i.e.
The macroscopic stresses and strains are also expressed in vector notation, i.e. 
The equations that control the network are given by the linear Eqs. (19)- (25), (27), (28) and the non-linear Eqs. (29), (33). Eqs. (20)- (22), (27), (28) expressed in vector notation become
and
The linear Eq. (19) can be expressed as
where W is a N · 3 matrix dependent on the fibre angles, 
where q is a 3 · N matrix dependent on the fibre angles, the number of fibres and the fibre density, 
The frequency function f(a) = 1/p has been used. The non-linear Eqs. (29) and (33) expressed in vector notation become
where the vectors h sq and D are defined as
and À Á À Á . This gives 4N additional equations. Now all equations that control the network are known. If, for example, the macroscopic specific stresses in the paper r together with the moisture variations Dm are known, then the macroscopic strains of the paper e and all internal variables can be determined.
If r is prescribed, Eqs. (A35)-(A40), (A42) can be used to express e as
Solving Eqs. (A35)-(A40), (A42), (A44) for the stress r A leads to the following equation:
The stresses in the other parts of the fibres, r B and r C , can be expressed in r A by using Eqs. (A36)-(A39),
The stresses according to Eqs. C and the angles h c , h are known. The stresses in the different parts of the fibres, r A , r B and r C , can then be calculated using Eqs. (A50)-(A54). After that, the strains in the different parts of the fibres, e A , e B and e C , can be determined using Eqs. (A38), (A39), (A44). Finally, the macroscopic strain e can be calculated by using Eq. (A48). The introduced variables and constants K 1 , K 2 , K 3 , E, W, q, S, Q and R are given by Eqs. (16)- (18), (A32), (A41), (A43), (A49), (A51) and (A52), respectively.
If macroscopic strains are prescribed instead of stresses it is possible to obtain the macroscopic stresses in a similar way as described above. The same system of equations are obtained, the only difference is Q and R, which changes to
